Two photorefractive polymer composites are presented that exhibit the fastest response times reported to date by an order of magnitude ( g Ϸ5 ms at 1 W/cm 2 ), while maintaining large gain coefficients (⌫Ϸ230 and 130 cm
In the years since photorefractivity was demonstrated in polymers for the first time in 1991, 1 there have been many advances in material performance. The first materials 2 displayed gain coefficients (⌫)ϳ1 cm
Ϫ1
, no net gain, diffraction efficiencies ()ϳ10
Ϫ6 , and response times ( g ) of many minutes at 1 W/cm 2 . In 1993 a milestone was achieved with a composite of PVK/FDEANST/TNF. 3 At 753 nm this material displayed a net ⌫ϳ7 cm
, ϳ10
Ϫ3
, and g ϳ1 s.
The following year a composite of PVK/DMNPAA/ECZ/ TNF passed another milestone by exhibiting a net ⌫ Ͼ200 cm
Ϫ1
, overmodulated in ϳ100 m thick samples, and g ϳ100 ms. 4 Today, several materials have exhibited performance similar to the DMNPAA composite. 5 In terms of speed, the fastest material reported has been a composite based on poly͑silane͒ which at 647 nm had a g ϳ40 ms, although no net gain. 6 In this letter we present polymer composites with g as low as 4 ms, well into the video response range, that also have ⌫Ͼ100 cm
. The polymer composites consisted of the hole transporting polymer poly͑n-vinyl carbazole͒ ͑PVK͒, doped with a nonlinear optical chromophore ͑NLO͒ ͑35 wt %͒, the liquid plasticizer butyl benzyl phthalate ͑BBP͒ ͑15 wt %͒, and C 60 ͑0.5 wt %͒, which is used as a sensitizer. The chemical structures of the different NLOs used are given in Fig. 1 . Composites were sandwiched between two indium-tin-oxide ͑ITO͒ coated glass plates to yield samples with thickness between 60 and 100 m as described previously. 7 The photorefractive properties of these samples were determined using a standard two wave mixing ͑TWM͒ setup. 7 The tilted geometry configuration was employed, in which two equal intensity p-polarized 647 nm beams intersected in the material at external angles of 30°and 60°with respect to the sample normal. The phase of the pump beam with respect to the signal was controlled by moving a mirror with a piezoelectric actuator.
A typical run consisted of the following steps. First, an electric field was applied to the sample with the beams off. After some time, the pump beam was turned on for 1 s, and the transmitted power was monitored with time to check for the presence of beam fanning. 8 Next, the photoconductivity ( ph ) was measured by the following method. Both beams were turned on for 200-500 ms while driving the piezo mirror with a 1 kHz triangle wave. This caused the interference pattern of the two beams to translate back and forth over many grating periods faster than a grating could be written, so the sample would respond as if it were illuminated with incoherent light. The current through the sample with respect to time was measured before and during this incoherent illumination to obtain the dark and photocurrent, which were converted to dark photoconductivity ( d ) and ph . Next, without driving the piezo mirror, both beams were turned on and the transmitted powers were measured with respect to time. An example of this measurement for the gain beam is shown in Fig. 2 ͑the fits in this figure that are used to obtain g are explained below͒. After steady state energy transfer was achieved, the gain ͑␥͒ was measured to determine ⌫. Finally, the output intensities were monitored while the piezo mirror was used to quickly translate the light pattern with respect to the index grating. The resulting intensity oscillations were used to obtain the grating phase shift and the maximum index modulation (⌬n).
In the simplest single carrier model of photorefractivity the gain transients are exponential. 9 However, in polymers the transients are usually nonexponential and must be fit with some other function. In the past we and other groups have used the sum of two exponentials and reported only the early time g obtained from the fit. In this work we have used this technique to obtain g that can be compared to other materials in the literature. In addition, we have also fit our transients with a stretched exponential function: 
where ␥ 0 is the steady state gain, s is the time constant, and ␤ is a parameter (0Ͻ␤Ͻ1) that indicates how much the rate of increase slows down with time. As is well known in many areas of scientific study, 10 stretched exponential behavior can arise when a phenomenon depends on the convolution of a distribution of time constants. The parameter ␤ is related to the width of the time constant distribution, with ␤ becoming smaller with increasing width.
There is good reason to expect stretched exponential behavior of the gain with time in polymer composites, since they are highly dispersive amorphous systems. Different charges moving through the material will take different paths and travel at different speeds. In addition, chromophores realigning to local fields will do so at different rates depending on their local environment. Thus, it is reasonable to expect a distribution of time constants, and therefore, stretched exponential behavior. On a practical note, the stretched exponential has the advantage of one less adjustable parameter.
As can be seen in Fig. 2 , the transients can be fit equally well with either the double ͑solid curve͒ or the stretched exponential ͑short dashed curve, indistinguishable from the solid curve͒, while a single exponential ͑dashed curve͒ deviates significantly from the data. The g values given in Table  I for comparison to other materials in the literature are the shorter time constants from double exponential fitting, while the g in Figs. 3 and 4 were obtained from stretched exponentials.
The results for composites containing four different NLOs are displayed in Table I . For each composite, data are presented at moderate fields and intensities ͑MFIs͒ (E 0 ϭ50 V/m, Iϭ200 mW/cm 2 ) and high fields and intensities ͑HFIs͒ (E 0 ϭ100 V/m, Iϭ1 W/cm 2 ). Data could not be obtained for PDCST at HFI due to strong beam fanning. One can observe the general trend of smaller g with increasing fields and intensities. The reason for this behavior will be discussed below. We note in particular the HFI data for AODCST and 7-DCST, which show the lowest g reported to date ͑4-5 ms͒ while maintaining large ⌫. Moreover, their performance is quite good even at MFI.
In order to understand what might be the limiting factor on the speed ( g Ϫ1 ) in these materials, one must analyze the different contributions to the photorefractive effect. The primary event is the formation of the internal space charge field (E sc ). The formation of this internal field arises from generation and separation of charges over distances the order of the grating wavelength ͑here 1.7 m͒. The speed of formation is governed by the number of generated charges per unit time, the speed with which the charges move through the material, and by trapping effects. Overall, charge generation and transport is reflected in the value of ph , which in the most basic picture can be written as:
where n is the density of carriers, e is the elementary charge, is the mobility, is the charge generation quantum efficiency, ␣ is the absorption coefficient, I is the optical intensity, is the time constant for transport, h is Planck's constant, and is the frequency of the light. Here we regard the value of ph as a measure of the speed of E sc formation.
Once E sc has been created, polymeric photorefractives respond by forming the index grating via two effects. One contribution is due to the Pockels electro-optic nonlinearity due to poling of the NLOs by the applied field. The resulting index change essentially occurs instantaneously in response to E sc . However, in composites with glass transition temperatures near room temperature such as the present composites, an additional effect occurs: the NLOs have sufficient orientational mobility so as to become periodically poled by the total field consisting of the applied field and the sinusoidal E sc . This effect, referred to as orientational enhancement, 11 is predominant in all the recently reported high efficiency photoreflected ͑PR͒ polymers, 5 and has important implications for the design of NLO chromophores for PR polymers. The resulting index change occurs as fast as each NLO molecule can reorient in response to the local field at the position of the molecule, a process which may be slower or faster than the formation of E sc .
One way to experimentally determine whether the speed is limited by E sc formation or by NLO reorientation in a given material is to observe g versus the incident intensity.
ph is intensity dependent and by the arguments given above, the speed of E sc formation should have the same intensity dependence as ph . The speed of NLO reorientation has no known intensity dependence, so measuring speed and ph versus intensity can help determine which is the limiting factor. Figure 3 shows the intensity dependence of the speed and ph at an applied field of 50 V/m of a representative AODCST sample. Over 3 decades of intensity, both parameters can be fit well with straight lines. This suggests that the speed is limited by ph and therefore E sc formation. This argument is also supported by the data given in Table I . As one looks down Table I from NLO to NLO, one observes the ph decrease, while the MFI g increases, as does the HFI g . Thus, the trend of higher speed with larger ph is also observed when comparing different composites.
The electric field dependence of the speed and ph at 1 W/cm 2 is given in Fig. 4 for the same sample. One observes a similar monotonic increase of the two parameters with field. The analysis of this dependence is not as trivial as the intensity dependence due to the complicated field dependencies of both and .
With the conclusion that ph limits the speed, future work should examine the relative contributions of and to the ph . Techniques are available for measuring separately the 12 and , 12,13 and these measurements will be a direction of future study.
Although the performance of these materials is quite good, one drawback is that large external fields need to be applied. One problem that arises with the application of large fields is dielectric breakdown. The samples used did not break down or display any permanent damage during intensity dependence experiments that took several hours at 50 V/m. During field dependence experiments most samples broke down after several runs at 100 V/m. This problem could possibly be averted by refinement of sample preparation, to ensure that fewer impurities would be present, or by using blocking electrodes.
In conclusion, we have presented photorefractive composites that exhibit the fastest response times to date by an order of magnitude. These materials bring the possibility of applications requiring video response rates one step closer.
